Abstract-Science and technology (S&T) roadmaps are used in industry, government, and academia to portray the structural relationships among science, technology, and applications. Roadmaps are employed as decision aids to improve coordination of activities and resources in increasingly complex and uncertain environments. Specific uses of roadmaps include: S&T management including strategy, planning, executing, reviewing, and transitioning; S&T marketing; enhancing communications among researchers, technologists, product managers, suppliers, users, and other stakeholders; identifying gaps and opportunities in S&T programs; and identifying obstacles to rapid and low-cost product development. S&T managers also use roadmaps to help identify those S&T areas that have high potential promise, and to accelerate the transfer of the S&T to eventual products. However, there has been little attention paid to the practice of roadmapping in the published literature. This paper is a first attempt to bring some common definition to roadmapping practices and display the underlying unity of seemingly fragmented roadmap approaches. The paper begins with generic roadmap definitions, including a taxonomy of roadmaps that attempts to better classify and unify the broad spectrum of roadmap objectives and uses. Characteristics of retrospective and prospective roadmaps are then identified and analyzed, as well as summary characteristics of bibliometric-based S&T mapping techniques. The roadmap construction process, including fundamental principles for constructing high-quality roadmaps, is presented in detail.
I. INTRODUCTION

A. Background
T HE RAPID pace of science and technology (S&T) growth and globalization has substantially increased the complexity of S&T management. Fortunately, the parallel growth of information S&T offers the promise of advanced decision aids to support management in this increasingly complex S&T enterprise. Metrics, data mining, information retrieval, roadmaps, and other information-based technologies are receiving increased attention, both in practical applications and literature documentation. Since more time and effort have been spent on developing and transitioning these decision aids to the marketplace rather than understanding how they should integrate with the user, the quality of the decision aid technologies is outpacing the quality of their applications. This paper focuses on one of these promising decision aids-the umbrella group of techniques commonly referred to as "roadmaps." The purpose of this paper is to identify intrinsic roadmap characteristics for improving the quality of their applications. Roadmap construction ideally involves many, if not all, of the complementary decision aids mentioned above. Enumerating requirements and principles for roadmap quality should extrapolate to requirements and principles for other decision aids' high-quality as well.
B. Definitions
Generically, a "road map" is a layout of paths or routes that exists (or could exist) in some particular geographical space. In everyday life, road maps are used by travelers to decide among alternative routes toward a physical destination. Thus, a road map serves as a traveler's tool that provides essential understanding, proximity, direction, and some degree of certainty in travel planning.
A literature survey revealed that the single word "roadmap" has surfaced as a popular metaphor for planning S&T resources. The variant "roadmapping" is a new verb that describes the process of roadmap development. The practice of roadmapping typically involves social mechanisms, and is both a learning experience as well as a communication tool for roadmap participants.
Robert Galvin [13] , former Motorola chairman and advocate of S&T roadmaps, offered this definition:
"A 'roadmap' is an extended look at the future of a chosen field of inquiry composed from the collective knowledge and imagination of the brightest drivers of change in that field . Roadmaps communicate visions, attract resources from business and government, stimulate investigations, and monitor progress. They become the inventory of possibilities for a particular field . In engineering, the roadmapping process has so positively influenced public and industry officials that their questioning of support for fundamental technology support is muted." Therefore, a S&T roadmap provides a consensus view or vision of the future S&T landscape available to decision makers. The roadmapping process provides a way to identify, evaluate, and select strategic alternatives that can be used to achieve a desired S&T objective. For example, the introduction section of the 1997 Semiconductor Industry Association's (SIA's) National Technology Roadmap for Semiconductors provides a conceptual illustration showing the possible spectrum of technology alternatives in photolithography in future semiconductor technology generations (Fig. 1 ). There are certainly more future alternatives, however, the process of roadmapping helps narrow 0018 the field of requirements and possible solutions to those most likely to be pursued.
At the application level, a product-technology roadmap is a disciplined, focused, multiyear, business planning methodology. For the product manager, a roadmap's implementability is as important as its strategic value.
A common descriptive thread of S&T roadmaps is the representation in portrayable dimensions of the structural and temporal relations among S&T elements as they evolve toward practical applications in products. As in the case of ordinary highway maps, an S&T roadmap can be viewed as consisting conceptually (if not always physically) of nodes and links. These roadmap nodes and links can have, in the most general case, quantitative and qualitative attributes. For example, in a highway map, a link (road) has a direction, a length, and sometimes an effective width (two lanes, etc.). These are essentially quantitative attributes. However, sometimes a highway map will show a dotted line next to a road, denoting that road as scenic. This is a qualitative attribute. Similarly, a link in an S&T roadmap could represent the qualitative attribute of the degree of impact a science program could potentially have on a technology program, and/or the quantitative attribute of the time estimated to proceed from the science program to the technology program.
The typical highway map usually consists of two dimensions in which the nodes and links are portrayed. The node locations and the links are vectors, and need both magnitude and direction to be described fully. Likewise, the generic S&T roadmap consists of spatial and temporal dimensions (see Fig. 2 ). The spatial dimension reflects the relationship among S&T disciplines/programs/projects at a given point in time, while the time dimension accounts for the evolution of the same S&T capabilities. As in the highway map, the S&T roadmap nodes and links are also vectors that need both magnitude and direction for full description. Since technology evolution processes are usually nonlinear and unpredictable, and since roadmaps are used for both retro- spective and prospective studies in time, the link vectors can assume forward and backward directions in time. Construction of a roadmap, thus, requires identifying the nodes, specifying the node attributes, connecting the nodes with links, and specifying the link attributes.
C. Types of Roadmaps
Some of the myriad roadmap types will now be discussed. According to Radnor [43] , [44] , technology, product, and related forms of corporate/industry roadmapping are being implemented gradually in large-scale technically centered firms. To date, the published literature on roadmapping is sparse; however, the authors have found a significant amount of industrybased information (much from practitioners) in the broader literature [7] , [21] , [24] . Additionally, Caswell and other researchers collected and cataloged more than 150 roadmap-related documents from industry, government, and academia to synthesize current thinking about technology and business practice strategies and needs. From this research, they prepared one of the most comprehensive reports on industry roadmaps to date as a "digest" [38] , [55] . One can draw some preliminary conclusions from this literature. For instance, a distinct and credible classification of types or categories of roadmaps appears feasible. In a 1998 technology roadmap workshop, at least a dozen different applications of roadmaps were presented [40] . These applications cover a wide spectrum of uses including
• science/research roadmaps (e.g., science mapping);
• cross-industry roadmaps (e.g., Industry Canada initiative);
• industry roadmaps (e.g., SIA's International Technology Roadmap for Semiconductors); • technology roadmaps (e.g., aerospace, aluminum, etc.); • product roadmaps (e.g., Motorola, Intel, and others); • product-technology roadmaps (e.g., Lucent Technologies, Philips International); • project/issue roadmaps (e.g., for project administration). From this variety of uses, a taxonomy was established that attempts to classify roadmaps according to their location in applications-objectives space (see Fig. 3 ).
These independent roadmap applications can be classified broadly as follows: 1 ) S&T maps or roadmaps; 2 ) industry technology roadmaps; 3 ) corporate or product-technology roadmaps; 4 ) product/portfolio management roadmaps. Additionally, in some S&T areas, a hierarchy of roadmaps is becoming increasingly evident in the literature. In a recently prepared bibliography of more than 400 specific references to roadmaps, no less than 25 of these are comprehensive industry technology roadmaps ranging from semiconductors to aluminum, to wood and paper products [46] . From some of these industry roadmaps, related technology, product, and even component product roadmaps can be traced. A very good example of this integration is the U.S. electronics industry, represented by the National Electronics Manufacturing Initiative (NEMI) Technology Roadmaps, (e.g., Fig. 4 ), with participation from more than 175 organizations [36] .
"The NEMI roadmaps are designed to identify gaps in industry/government-sponsored research and infrastructure efforts. These system-driven roadmaps connect, as appropriate, to existing roadmaps, such as those from the Semiconductor Industry Association (SIA), Optoelectronics Industry Development Association (OIDA), the Institute for Interconnecting and Packaging Electronic Circuits (IPC), United States Display Consortia (USDC), and the National Storage Industry Consortia (NSIC). There is no intent to duplicate efforts already underway…As a result, the NEMI roadmaps span the entire electronics industry [and] emphasize the integration of the entire electronics manufacturing enterprise" [36] .
D. Uses and Benefits of Roadmapping
Garcia and Bray [14] underscore the major uses of and benefits derived from technology roadmapping: 1) roadmaps help develop consensus among decision makers about a set of S&T needs; 2) roadmapping provides a mechanism to help experts forecast S&T developments in targeted areas; 3) roadmaps present a framework to help plan and coordinate S&T developments at any level: within an organization/company, throughout an entire discipline/industry, even at cross-industry/national or international levels. Overall, the main benefit of S&T roadmapping is provision of information to help make better S&T investment decisions. Kappel [21] argues further that the roadmapping process not only produces more informed individual decisions, but brings with it better alignment of organizational decision making. One example of this type of synergistic effect has occurred at Lucent Technologies, Murray Hill, NJ, in the form of uncovering common technology needs through cross-roadmap reviews. Through a top-level review of multiple wireless communications product-technology roadmaps, it was discovered that all the individual roadmaps addressed the need for gating battery and antenna technologies. With this information, the corporate technology strategy office was able to recommend the sharing and consolidation of R&D, supply-line, and other common resources [4] .
Probert and Shehabuddeen [42] , in their description of a technology road map as a formalized method for organizations to assess future technological developments within an environment of constant change, emphasize taking a "systems view" of technology change as a key benefit:
"An important aspect of the road mapping technique is the multidisciplinary cross-functional working that it requires in order to fulfill its objective of providing common guidance for the whole organization." Finally, Radnor [44] comments that long-term benefits of roadmapping have yet to be realized:
"Roadmapping being relatively new, it is not yet clear how long it takes for different benefits to become evident-which manifest right away and which may require a learning process or even restructuring of related processes, thereby increasing the time, effort and buy-in required. It is likely that initial investment could be high as training, for example, is implemented and that the cost-benefits would improve with later implementations of the process. It is also to be anticipated that roadmapping will grow as it evolves to incorporate new dimensions, e.g., PERT-like methods that may be part of a redefinition of the project manager role-something that may already be signaled by the roadmapping process."
E. Roadmaps and Technology Transfer
One of this paper's objectives is to address the specific role that roadmaps can play in enhancing the efficiency of the technology transfer process. Accelerating the transfer of technology from one level of development to the next has three essential elements:
1) information about the present level of technology (or science) must exist and be readily available to potential users; 2) need for the converted science, or further developed technology, must exist; 3) entrepreneur accepting of the risks inherent in further development of the S&T must be available to champion its further development. Investors must be convinced that the considerable front-end risk of S&T conversion is more than justified by the potential payoff. Placement of the S&T conversion step into the larger pathway from research to high-payoff applications is a key component for eliciting investor interest. Relatively few efforts have focused on fusing together requirements with S&T systematically.
There are fundamental reasons why little progress has been made on methodologies to identify the characteristics of these linkages. The pathways between S&T and eventual applications are many, are not necessarily linear or unidirectional, and require significant amounts and types of data. Substantial time and effort are required to portray these links as accurately as possible, and substantial thought is necessary to articulate and portray this massive amount of data in a form comprehensible to potential investors. Recently, high-speed desktop computers with large storage capabilities, intelligent algorithms for manipulating data, and other tools have become available to allow these S&T-capabilities pathways (roadmaps) to be constructed and portrayed efficiently and effectively, and to be used as a basis for more detailed analysis.
The main value of roadmaps as decision aids in the S&T conversion process is to promote, at all phases of the roadmap development process, champion/investor interest in developing the S&T further. In planning the roadmap, thought is given to all its structural elements, including the extent of the development required, any tradeoffs or opportunities lost, and potential costs and payoffs. In building the roadmap, experts in the different levels of development and payoff become involved, and the risks, potential costs, and benefits are clarified further. When the completed roadmap is distributed to interested parties, decisions to pursue the S&T conversion can be made with greater understanding of the larger development context.
Having potential champions involved in the planning, development, and distribution of the roadmap improves the likelihood of increasing the numbers of champions, their intensity of interest and support, and their influence, if analysis of the roadmap shows downstream potential for substantial payoff. If roadmap analysis does not show convincing evidence of future payoff, either due to intrinsic lack of potential payoff or to unawareness of payoff of those constructing the roadmaps, then the S&T may not proceed further. Thus, the roadmap can assist in filtering out the less promising technologies from the more promising ones. If the roadmap analysis shows high potential payoff, but with extremely high front-end risk and costs, then the type of champion interest may be limited to government for the initial risk-lowering development phases.
The next section describes the two fundamental construction approaches employed in roadmapping: expert-based and computer-based. After this differentiation of construction methodology by source is shown, a further differentiation in construction methodology by temporal perspective-retrospective and prospective-is presented.
II. ROADMAPPING PROCESS
Based on extensive literature reviews [24] , [46] , many roadmap variants have been identified. These can be aggregated into two fundamental roadmapping approaches: expert-based and computer-based.
A. Expert-Based Approach
In this approach, a team(s) of experts is convened to identify and develop attributes for the nodes and links of the roadmap. For example, development of SIA's Roadmap involves participation by 12 different technology working groups (TWGs) in core disciplines including design, assembly and packaging, lithography, etc. as well as cross-cut technology fields such as environment, safety, and health, etc. Further, these TWGs are staffed by a mixture of multinational personnel from industry, government, and academia to ensure a balance of expertise and views.
This process is somewhat paradoxical in that the appropriate expertise must be employed to develop a roadmap, but the appropriate expertise becomes fully known only after a complete roadmap has been constructed. An iterative roadmap development process is, therefore, essential. This is most evident in the 1997 edition of SIA's Roadmap that involved more than 600 scientists and engineers working over a two-year period [15] . Indeed, SIA's Roadmap has evolved into an ongoing process, as the 1999 Edition began almost immediately after the 1997 Edition [56] .
For an organization in which many of the roadmap components are being pursued in-house, such as a large focused government or corporate laboratory, much of the expertise can be assembled in-house. Researchers, developers, marketers and others with relevant knowledge of the overall roadmap theme can be readily convened to develop the framework. At the other extreme, organizations with little expertise in the overall roadmap theme, such as venture capital groups or cash-rich organizations that wish to expand their boundaries, will require external assistance to develop credible roadmaps.
Depending on the purposes for which the roadmap is being constructed, the team can initiate the process at the earliest development stage (basic research), middle time (technology development), or latest time (product development), and fill in the remainder of the roadmap. Most retrospective studies start with a successful final product that has already been achieved, and work backward in time to identify the characteristics and/or sponsors of successful research and development events. Some retrospective studies (looking backward in time from the present) start with initial research grants, and fill in the remainder of the roadmap to arrive at the product that exists today.
Technology-push prospective roadmaps (looking forward in time from the present) start with existing research projects, and fill in the remainder of the roadmap to identify the diversity of capabilities to which this research could lead. For example, SIA's Roadmap is based upon extending Moore's Law, 1 the semiconductor industry's historical exponential productivity growth rate, over the next 15 years.
Staying on this path is the key to the industry's continued success in the future. As Moore states [22] , "If we can stay on the SIA Roadmap, we can essentially stay on the [Moore's Law] curve. It really becomes a question of putting the track ahead of the train to stay on plan."
In contrast, requirements-pull prospective roadmaps start with desired end products (e.g., highly fuel-efficient motor vehicle or future defense weapon system), and fill in the remainder of the roadmap to identify the S&T which is necessary to arrive at these products. In the middle are technology-push/requirements-pull prospective roadmaps, that start with existing science or technology development programs which may be technology-driven or requirements-driven, and then identify both the research gaps which obstruct forward progress and the diversity of end products to which successful development could lead.
There are also combination retrospective-prospective roadmaps. These combine some historical development of a technology with a vision of where the technology is headed.
The first author has found these roadmaps to be particularly helpful in reviews of ongoing research programs. These combination roadmaps provide a concise picture of the program's origins and past development, as well as coordination with, and leveraging of, the external S&T community, and give some indication of where the program is heading according to the vision of its promoters.
In all these cases, the main focus of the expert-based approach is to draw on the knowledge and experience of the participants to subjectively identify the structural relationships within the network and specify the quantitative and qualitative attributes of the links and nodes.
B. Computer-Based Approach
In this approach, large textual databases that describe science, technology, engineering, and end products are subject to computer analyses. These databases could include published papers, reports, memoranda, letters, etc. Through the use of generic computerized methodologies, including computational linguistics and citation analyses, research, technology, engineering, and product areas are identified; their relative importance is estimated and quantified and their relationships and linkages to other areas are identified and quantified. Once all these node and link attributes have been specified, the network is then constructed.
In contrast to the expert-based approach, the computer-based approach has more objectivity. It does not have the preconceived limitations, constraints, biases, and personal and organizational agendas of the experts. The computer-based computational linguistics approach does not start from one point in time (as does the expert-based approach) and evolve either forward or backward in time. It generates the network at all points in the time domain of the source database simultaneously. Temporal changes are usually obtained by examining full spatial networks derived at different points in time. The citation approaches march forward in historical time from the cited papers to the citing papers to generate the temporal aspects of the citation network.
Most of the computer-based computational linguistics studies have focused on the structural relationships among S&T disciplines and programs (spatial dimensions), because this was their main objective and because the source databases tended to contain much of this type of information. This focus is not a conceptual limitation of the process, but rather an implementational limitation that could be overcome by employing different research objectives and additional source materials. The computer-based approach is in its infancy, due to the only recent emergence of large relevant textual databases and efficient information-extracting computational linguistic approaches.
C. Hybrid Approach
Another possible limitation of the computer-based approach has to do with the absence of interaction among experts that is vital to the roadmapping process. As Radnor [43] points out, "Companies want to 'mechanize' roadmapping, but much of it remains off the books. Roadmapping is political and involves negotiation and re-negotiation." As such, a balanced combination of the expert-and computer-based approaches may prove to be the most effective and efficient approach to roadmap construction. In sum, both expert-and computer-based approaches have value to offer, and the best features of each should be identified, extracted, and employed for optimal results.
The next section is an historic review of various roadmapping or roadmapping-type analyses that extends the discussion on the construction process and serves as a basis for the succeeding examination of quality principles.
III. RETROSPECTIVE AND PROSPECTIVE ANALYSES
A. Background
From a temporal perspective, there are two major variants of analyses that have examined the science-technology-application evolution process: retrospective analysis and prospective analysis. The European Industrial Research Management Association (EIRMA) [11] simply refers to these two approaches as "backward" and "forward" and makes a further distinction:
"There are two common approaches in TRM [technology road mapping]. 'Backward' involves finding out how to reach a given target (which could be a business goal, a product, process, fulfillment of a legislative requirement, or a technology), whilst 'forward' designates the process of building upon technologies until new targets appear. In the first case, the direction of analysis is backward in time (i.e., from the future), in the second case the direction is forward (i.e., to the future). These methods are sometimes referred to as 'top-down' or 'bottom-up,' respectively."
Retrospective analyses typically cover time frames from decades past to the present, while prospective analyses typically cover time frames from the present to a decade or more into the future. Chosen time frames, of course, depend upon the technology aggregation level and the roadmapping organization's planning horizons and objectives. Roadmaps presenting information at a high aggregation level generally cover a longer period than those showing more specific information.
Since the retrospective analyses use existing data, they obviously have a higher degree of certainty, reliability, and credibility than the prospective analysis. However, because of the multiple interpretations possible from the existing data, the difficulties in allocating costs and benefits, and the difficulty of assigning sponsor credits to specific development events, even the conclusions of the retrospective studies have not been accepted unambiguously.
B. Retrospective Analyses: Backward from the Present
Retrospective analysis has been used mainly for portraying the accomplishments and impacts of a specific sponsor's S&T investment, and for identifying the management and other environmental factors that promoted the successful S&T results. There have been two types of retrospective analysis. One type starts with a successful technology or system and works backward to identify the critical R&D events that led to the end product. The other type starts with initial S&T funding, and traces evolution forward to identify impacts. The tracing backward approach is favored for two reasons: 1) the data are easier to obtain, since forward tracking is essentially nonexistent for evolving S&T and 2) the sponsors have little interest in examining S&T that may have gone nowhere.
Some of the more substantial retrospective studies include Project Hindsight, Project TRACES and its follow-on studies, and Accomplishments of the Defense Advanced Research Projects Agency (DARPA).
Project Hindsight [10] , an expert-based retrospective study, examined 20 successful military systems, and identified the critical R&D events that led to the successful systems. Hindsight examined characteristics of these critical R&D events to ascertain whether any general principles could be extracted. A major conclusion related to the science-technology conversion process was that the results of research were most likely to be used when the researcher was intimately aware of the needs of the applications engineer.
Project TRACES [20] examined retrospectively key events that had led to five major technological innovations. One goal was to provide more specific information on the role of the various mechanisms, institutions, and types of R&D activity required for successful technological innovation. Similar to Project Hindsight, key "events" in the R&D history of each innovation selected were identified, and their characteristics were examined. One major conclusion was that nonmission research provided the origins from which S&T could advance toward innovations.
A follow-on study to TRACES examined the process and mechanism of technological innovation [2] . For each of the ten innovations studied, the significant events (important activity in the history of an innovation) and decisive events (a significant event that provides a major and essential impetus to the innovation) that contributed to the innovation were identified. The influence of various exogenous factors on the decisive events was determined, and several important characteristics of the innovative process as a whole were obtained.
A mid-1980s study focused on determining the effectiveness of different research settings or support mechanisms in bringing about important advances in cancer research [30] . The approach taken was analogous in concept to the initial TRACES study, with the addition of citation analyses to provide an independent measure of the impact of the TRACES papers (papers associated with each key "event"), and by adding control sets of papers. This study can be viewed as a hybrid expert-based retrospective study combined with a computer-based citation approach, but not including a computational linguistics component.
A retrospective analysis was performed on DARPA [9] , [53] , [54] . Of the hundreds of projects and programs funded by DARPA over its then (1988) 30-year lifetime, 49 were selected and studied in detail, and conditions for success were identified. At the end of each project/program description, a roadmap of the program's evolution was presented emphasizing DARPA's role in accelerating its progress.
To summarize these retrospective analyses, Hindsight, TRACES, and to some degree, the DARPA project review, had some similar themes. All these methods used a historiographic approach, looked for significant research or development events in the metamorphosis of research programs as they evolved to products, and attempted to convince the reader that 1) significant research and exploratory development events in the development of the product or process were the ones identified; 2) typically, the organization sponsoring the study was responsible for some of the (critical) significant events; 3) final product or process to which these events contributed was important; 4) research and development were worth the cost. One goal of all the studies presented was to identify the products of research and some of their impacts. The Hindsight, TRACES, and DARPA studies tried to identify factors that influenced the productivity and impact of research. The following conclusions about the role and impact of basic research were reached.
1) The majority of basic research events that directly impacted technologies or systems were nonmission oriented, and occurred many decades before the technology or system emerged. 2) The cumulative indirect impacts of basic research were not accounted for by any of the retrospective approaches published. 3) An advanced pool of knowledge must be developed in many fields before synthesis leading to an innovation can occur. 4) Allocation of benefits among researchers, organizations, and funding agencies to determine economic returns from basic research is very difficult and arbitrary, especially at the micro level.
C. Prospective Analyses: Forward from the Present
Prospective analyses have been used to elicit champions for supporting S&T, for identifying S&T gaps and opportunities in large development programs, for enhancing communications among all the interested parties in S&T program development, and promoting a common understanding of the more global context of S&T development. By far, roadmaps in S&T today-and the general perception of almost every other roadmap-are based on a portrayal of a prospective evolution of S&T.
As previously discussed, there have been two types of prospective analysis. Requirements-pull starts with a desired technology or system or other end product and works backward to identify the critical research and development required to arrive at the end product. Technology-push starts with S&T projects/programs either funded presently or proposed to be funded, and traces evolution forward to identify potential impacts.
Some sample prospective analyses (roadmaps) from the literature will now be summarized. See [21] , [24] , and [46] for a much more comprehensive and detailed literature sampling. Note that the most recent abstracts reflect a more theoretical treatment of roadmapping, an evolution from the industry/practitioner-based literature that has historically been predominant.
Kappel's [21] dissertation provides an organizational perspective on roadmapping as currently practiced. It presents the experience of some large, decentralized firms that have implemented roadmapping, and evaluates the results. The dissertation is a case-based, exploratory study that seeks to 1) understand better the nature of roadmapping by characterizing it and its tangible output; 2) recognize the effects of roadmapping on the organization, and conversely, the organization's influence on roadmapping; 3) identify the appropriate circumstances for using the process; 4) specify roadmapping quality assessment; 5) explore the theoretically interesting and practically useful features of roadmapping. Reference [41] examines the experiences of three European companies in using, or attempting to use, technology roadmapping, along with problems and benefits experienced. It then continues to examine a pilot study of applying technology roadmapping to the Mixed Oxide Fuel Unit of British Nuclear Fuels, London, U.K. The researcher's methodology is derived from EIRMA's [11] documentation on the technique, relating the three companies experiences to projections, and questions the distinctive factors about a company that determine technology roadmapping's appropriateness for the company.
Groenveld [17] describes the product-technology roadmap process developed at Philips Electronics. Here, roadmapping aims at better integration of business and technology strategy and improvement of the front end of the product creation process (the concept and idea phase). The outcomes are roadmaps that present products and technologies required to realize these products, as well as their mutual relationship over a five-year period. Teamwork, integral involvement by the organization, and good communication are essential characteristics of the process.
Barker and Smith describe a unique approach to Technology Foresight [3] . It was used to devise an R&D strategy embracing the core business areas of the British Petroleum company. The process was based on the use of roadmaps that are visual descriptions summarizing the outcomes of numerous discussions involving all the personnel responsible for procuring, planning, funding, monitoring, and implementing R&D.
Motorola [29] , [51] uses technology roadmaps to give business managers and other principals the comprehensive technology assessments required for a long range perspective of future product needs. The product technology roadmap is a compilation of documents providing a complete description of the product line, division, or operating group. The roadmap encourages use of structured tools in the planning and managing of the complex technological environment, and furnishes a framework for review of present activities and progress.
Brown [5] describes the SIA Roadmap, developed by consortium members from SEMATECH, SEMATECH FTAB's, SRC, industry, universities, and the government. The SIA Roadmap is focused on requirements and needs of the semiconductor industry, and is updated periodically. One of SEMATECH's key goals is to insure that the activities pursued by the consortium members are well-aligned to the roadmap.
IV. INFORMATION TECHNOLOGY-BASED ANALYSES
Category A in Fig. 3 was classified as S&T maps or roadmaps. This category is better known among researchers as S&T mapping activities, and this particular class of roadmaps primarily uses bibliometrics-based techniques in its construction. Fig. 5 provides an example of a bibliometrics-based roadmap. Two types of bibliometric techniques will be summarized here-those based on co-occurrence phenomena, and those based on citation analysis. For a more extensive description, see [24] .
A. Overview of Co-Occurrence Techniques
Modern quantitative techniques utilize computer technology extensively, usually supplemented by network analytic approaches, and attempt to integrate disparate fields of S&T. One class of techniques that tends to focus more on macroscale impacts of S&T exploits the use of co-occurrence phenomena. In co-occurrence analysis, phenomena that occur together frequently in some domain are assumed to be related, and the strength of that relationship is assumed to be related to the co-occurrence frequency. Networks of these co-occurring phenomena are constructed, and then maps of evolving scientific fields are generated using the link-node values of the networks. Using these maps of science structure and evolution, the S&T policy analyst can develop a deeper understanding of the interrelationships among the different S&T fields and the impacts of external intervention, and can recommend new directions for more desirable S&T portfolios. Co-occurrence applications include the following.
• Co-citation analysis has been applied to scientific fields, and co-citation clusters have been mapped to represent research-front specialties [49] , [50] .
• Co-word has been utilized to map the evolution of science under European (mainly French) government support, and has the potential to supplement other research impact evaluation approaches [6] .
• Co-nomination, in its different incarnations, has been used to construct social networks of researchers and has the potential, if expanded, to include research and technology impacts in the network link values, for evaluating direct and indirect impacts of research [16] , [24] .
• Co-classification is based on co-occurrences of classification codes in patents, and is used to construct maps of technology clusters [12] . • Co-authorship has been used to assess collaboration among individuals and institutional co-authorship has been used to assess collaboration among institutions, through construction of scientific networks [28] .
B. Citation and Co-Citation Analyses for Structural Roadmaps
The first part of this section describes the background and issues of citation analysis, and its application to mapping. The remainder of the section discusses background, issues, and especially mapping applications of co-citation analysis.
C. Overview of Citation Techniques
Publication citation and patent citation approaches are potentially powerful tools for tracking the temporal evolution of S&T. These bibliometric indicators can be used as part of an analytical process to measure scientific and technological accomplishment, and, combined with expert input and interpretation, can contribute heavily to a detailed retrospective roadmap.
Two papers [30] , [31] , describe determination of whether significant relationships existed among major cancer research events, funding mechanisms, and performer locations; compared the quality of research supported by large grants and small grants from the National Institute of Dental Research; evaluated patterns of publication of the NIH intramural programs as a measure of the research performance of NIH; and evaluated quality of research as a function of size of the extramural funding institution. Most of the NIH studies focused on aggregated comparison studies (large grants versus small, large schools versus small schools, domestic versus foreign, etc). The 1989 study was described previously as a follow-on TRACES study, and represents a hybrid between a computer-based citation tracking approach and an expert-based approach.
Patent citation analysis has similar strengths and weaknesses to publication citation analysis, similar capabilities for roadmap S&T evolution tracking, and has the additional potential to provide insight to the conversion of science to technology [7] - [9] , [32] - [35] .
D. Citation Network for Citation Mapping
The citation network is a directed graph of great size and complexity, whose vertices can be chronologically ordered, and whose edges connect earlier with later vertices. The network embodies the communication patterns of millions of scholars, both living and dead. These patterns show how researchers go about embedding their work, both cooperatively and competitively, in the work of prior authors [18] , [49] .
E. Co-Citation Analysis Overview
Co-citation analysis is based on the principle that when a paper (X1) cites two earlier papers (A and B), these latter papers are "co-cited." The strength of such a co-citation link is determined by the number of citing papers (X1, X2, X3 ) each with the pair (A, B) in their lists of cited papers (references). Clusters of co-cited papers represent research-front specialties, in terms of related scientific work (i.e., based on the same publication, as far as reflected by the cited literature). However, these clusters may reflect cognitive as well as social networks. A recent paper provides an excellent history of co-citation mapping and presents its advantages: 1) co-citation provided a coefficient of similarity between documents, and a metric that could differentiate distances between objects; and 2) clustering provided a chunking of the citation network, so that the complexity of document citation patterns could be hidden with a hierarchy of objects [49] .
V. PRINCIPLES OF HIGH QUALITY ROADMAPS
The previous sections of this paper have presented roadmap definitions, categorizations, and examples. One of the most interesting research questions that has arisen deals with determining and assessing quality and effectiveness of roadmapping processes and end products (roadmaps). This section examines roadmaps from a product quality perspective, and proposes requirements and principles for generating high-quality roadmaps.
A. Assessment of Roadmap Quality and Effectiveness
One major problem in assessing the published roadmaps is the inability of the reader to ascertain their quality. There are no independent objective tests of quality. Unlike the physical and engineering sciences, there are no primary physical reference standards against which one can benchmark the roadmap product.
Even the metrics of roadmap quality are unclear, as illustrated by the following example. Assume a prospective technology-push roadmap has been constructed for high energy-density batteries. Suppose further that 15 years after the roadmap was developed, an assessment was performed of the roadmap predictions as compared to the battery state-of-the-art. Suppose, even further, that the assessment showed that the roadmap development plan was followed religiously by the technical community, and the long-range technical goals were achieved exactly as predicted by the roadmap. Does that mean the roadmap was of high-quality?
Not necessarily. The roadmap developers may have been very conservative in their targets, and did not "push the envelope" to develop the field as vigorously as technology would have allowed. The developers may also have been very narrow in their outlook, and may not have drawn from other disciplines sufficiently to develop the batteries to the greatest extent. It could be stated that the roadmap was precise (in predicting the goals that were actually achieved), but was not visionary (the best goals were not predicted). On the other hand, the roadmap in this case may have been of the highest quality. The developers may well have had very ambitious targets, and may have drawn from other disciplines to the maximum extent possible.
A case in point is the SIA Roadmap. One could easily say that the SIA Roadmap has failed if measured simply on its forecast accuracy. It is widely recognized that future technology nodes (or generations) projected in previous roadmaps have, in fact, consistently been "pulled-in" or accelerated. Many argue that the roadmap process itself-consensus-driven, yet competitively challenging-has contributed to the behavior observed throughout the industry to "beat the roadmap." In evaluating the overall success of the SIA Roadmap, most view technology acceleration as a very positive consequence.
The point to be made here is that the concepts of roadmap quality, and its associated metrics, are very complex and diffuse, yet very important if roadmaps are to become useful operational tools. A high-quality roadmap, then, requires the following conditions.
1) Retrospective component must be a comprehensive reflection of the evolution and relation of all critical S&T that resulted in the technology of present interest. 2) Present time component must be a broad and comprehensive reflection of all critical S&T related to the technology of interest. 3) Prospective component should reflect some degree of vision by the planners and should incorporate all the critical S&T areas that relate to the technology of interest and to the projected targets. The broader the reach across the S&T spectrum, the greater the opportunity for extrapolating insights and innovations from allied or disparate disciplines to advance the technology of central interest.
Thus, a high-quality roadmap is analogous to a high resolution picture that clearly portrays the evolving relationships among S&T areas as they pertain to the roadmap technology in focus, and incorporates especially the concepts of awareness, coordination, vision, relatedness, and completeness.
B. Critical Factors to High-Quality Roadmaps
More specific requirements, or underlying principles, necessary for a high-quality roadmap can be formulated. These include the following.
1) Senior Management Commitment:
The most important factor is the commitment of the roadmap-developing organization's senior management with decision authority to highquality roadmaps, and the associated emplacement of rewards and incentives to encourage such roadmaps. This includes a commitment to a strategic long-term roadmapping process, not just an independent one-time exercise.
2) Role of Roadmap Manager: The next important factor is the roadmap development manager's motivation to construct a technically credible and visionary roadmap. The roadmap manager sets the boundary conditions and constraints on the roadmap scope, structures the working groups, and selects the final roadmap elements from myriad inputs. In some organizations, the roadmap manager has the latitude to establish the complete roadmap development process and criteria, and decide on the make-up of roadmap participants with the requisite expertise.
3) Competence of Roadmap Participants/Team: The development experts' competence and objectivity are extremely important. Each expert should be technically competent in his/her subject area, and the competence of the total roadmap development team should cover the multiple research, technology, and mission/product-line areas critically related to the science or technology area of present interest. In addition, the team's focus should not be limited to disciplines related only to the present technology area (that tends to reinforce the status quo and commit development along very narrow lines), but should be broadened to disciplines and technologies that have the potential to impact the overall roadmap's highest-level objectives (that would be more likely to provide equitable consideration to revolutionary new paradigms or innovations).
4) Stakeholder-Driven:
A roadmap should have a clear sense of purpose and ownership for it to be successful. Thus, industry roadmaps are most successful when driven by industry, even if government, universities, and consortia are big players in the process. Likewise, product-technology roadmaps are best done by those responsible for the outcome (e.g., the product manager).
5) Normalization and Standardization:
For roadmaps that will be used as a basis for comparison of S&T programs or projects, another important factor is normalization and standardization across different roadmaps, development teams, and S&T areas. For S&T areas that have some similarity, use of common experts (on the development teams) with broad backgrounds which overlap the disciplines can provide some degree of standardization. For very disparate S&T areas, some allowances need to be made for the relative strategic value of each discipline to the organization, and arbitrary corrections applied for benefit estimation differences and biases.
6) Roadmap Criteria:
Criteria for roadmap component selection are also required. For retrospective roadmaps, that tend to focus on the critical S&T events that led to successful technologies/systems, the definition of criteria for "successful" and "critical" is of utmost importance for establishing the credibility of the roadmap. In all roadmaps, it is crucial to define criteria for selecting nodes, quantifying nodes, and quantifying links. 7) Reliability: A factor of equal importance to criteria is reliability or repeatability. To what degree would a roadmap be replicated if a completely different development team were involved in its construction? If each development team were to construct a completely different roadmap for the same topic, then what meaning, credibility, or value can be assigned to any roadmap? To minimize repeatability problems, a large segment of the competent technical community (to the degree possible within organizational constraints) should be involved in the construction and review of the roadmap.
8) Relevance to Future Actions: Another factor of equal importance to criteria is the relevance of the roadmap to future actions: Every S&T Roadmap, and associated data, presented in a study or briefing should have a decision focus; it should contribute to the answer of a question, which, in turn, would be the basis of a recommendation for future action.
Roadmaps which do not perform this function become an end in themselves, offer no insight, and provide no contribution to decision-making. 9) Cost: An additional critical factor is cost. The true total costs of developing a high-quality roadmap with substantial community input can be considerable, but tend to be understated. For high-quality roadmaps, where sufficient expertise is represented on the development team, the major contributor to total costs is the time of all the individuals involved in developing and reviewing the roadmap. With high-quality personnel involved in the development and review process, time costs are high, and the total development costs can be nonnegligible.
10) Global Data Awareness:
A final factor is global data awareness. A quality roadmap should include all global S&T projects, developed systems, operations, or events, that are in any way supportive of, or related to, the overall roadmap objectives. This factor is foundational to S&T investment strategy, and how a program or body of S&T is planned, selected, managed, coordinated, integrated, and transitioned. It is imperative that the latest information technology resources be used to the greatest extent possible during the complete roadmap development process to insure that global S&T resources are being exploited maximally.
VI. CONCLUSIONS AND RECOMMENDATIONS
Roadmapping has been practiced by some organizations for decades (and much longer under other titles), but the broader adoption of roadmapping practices is still relatively new. This paper is a first attempt to display the underlying unity of seemingly fragmented roadmap approaches, and to develop characteristics and principles of high-quality roadmaps. The present concluding section adds some recommendations for consideration and future research.
A. Functional Roadmaps
From an S&T planning and assessment perspective, roadmaps are fundamentally visual display aids that crystallize the linkages among the existing or proposed research programs, development programs, capability targets, and requirements. Because of the inherent uncertainties in research and development, as well as the continually evolving requirements and capability targets in large programs, roadmaps should have a sufficiently flexible structure to incorporate these dynamic changes. Thus, the linkage relationships should be functional, not static, and changes inserted at any node in the roadmap network should automatically impact the other network nodes through the linked functional relationships.
Thus, a useful roadmap for S&T planning should provide the planners with the capability to perform sensitivity studies of the relationships between capability targets/requirements and program cost/performance/schedule/risk, and allow the planners the flexibility to specify changes of any parameter at any node in the network. It should have the flexibility to answer questions such as those listed below.
• To ensure compatibility among:
1) research and development programs that underlie the tactical and strategic plans; 2) feasibility of defined capability targets; 3) S&T program/project requirements, roadmaps that contain all these elements should be constructed. For completeness and operational utility, the roadmaps for a technical area should cover all global programs directly or indirectly related to that area's S&T. Roadmaps that are restricted to internal agency or corporate programs only could be misleading, and could provide the basis for erroneous conclusions, recommendations, and decisions. These incomplete roadmaps would portray fragmented and isolated noncoordinated programs, where none of these gaps might exist in reality. This requirement for comprehensive coverage underscores the need for roadmapping to be integrated with other decision aid processes and tools within the organization, such as information retrieval and data mining capabilities.
B. Roadmaps and Roadmapping Integration
To be most effective, roadmapping and other management decision aids need to be fully integrated into the strategic planning and business operations of the organization [41] . Employment of roadmaps in a band-aid or afterthought mode will result in a fragmented product with limited potential for organizational implementation. The combination of roadmapping with strategic planning, information retrieval, data mining, S&T evaluation, and organizational performance metrics, has to be addressed well in advance of the implementation of a roadmapping process.
